AU=AD90 705 VERMONT UNIV BURLINGTON GEPT OF CHEMISTRY F/6 7/3
MAGNETIC PROPERTIES AND MOESSBAUER SPECTRA OF SEVERAL IRON(III}==ETC(U)
OCT 80 € T DZIOBKOWSKI» J T WROBLESKI NODOIM-?S-C-D"SG

el nQRTETE

loe |
aa




s -

L =

L

22 Tl e




T S

eo e e A A+ 1

1 pDe FiLe_copyd

ADA090705

OFFICE OF NAVAL RESEARCH

Contract N00014-75~C-0756
Task No. NR 356-593

TECHNICAL REPORT NO. 21

Magnetic Properties and Mossbauer Spectra of Several Iron(III)
Dicarboxylic Acid Complexes

by

Chester T. Dziobkowski,l James T. Wrobleski, and
David B. Brown*

Prepared for publication
in

Inorgénic Chemistry

University of Vermont i
Department of Chemistry Y ar
Burlington, Vermont 05405 ' il

October 1, 1980 !

Reproduction in whole or in part is permitted for any
purpose of the United States Government.

This document has been approved for public release
and sale; 1its distribution is unlimited.

.8

S
T ;
PUTRIRY. Y. S S

i ——— e T
N % N

e e e e = e

iy !
4 |

P T TS

Ty g

et

0 10 15 004 .

i N o v



L ; K =< L
SECURITY CLASSIFICATION OF THIS RAGE Whar

REPORT DOCUMENTAT:ON PAGE READ INSTRUCTIONS

BEFORF, "OMPLETING | PRM

REPORT NUNB!R ' . 2, GOVY ACCESSION NO.| EN‘I’ S CATALOG NUMBER 1
T YA O]
5. 100 coveERED
(Technical epat ., '

Several Iron(III) Dicarboxylic Acid Complexes’* ~

1s.

(9

Magnetic Properties and Mef Spectra of

a
@Lt_w;;ii T Lo\

MING ORG. REPORT NUMBER ’

—--—T-’-J—‘r
Chester T.' Dliobkowski ¥ James T./Wrobleski Fnd
J

T OR GRANT NUMBER(T) ‘ J
David B.;Brown* O N¢°°i4-75fC770756 /
§ s 4

s J ;4 . "

9. PERFORMING ORGANIZATION NAME A;D ADORESS 10. PROGRAM t EMENT, PROJECT, TASK
Department of Chemistry AREA 8 WORK UNIT NUMBERS

University of Vermont
Burlington, Vermont 05405

I

t
4
4
. 82}"‘0“" rn frums AND ADDRESS - 4 * t
ice ava esear ‘ iy
Department of the Navy Q_\/ 1 —'L, gt:amw#n“fﬂ _ 1
Arlington, Virginia 22217 1732 {
1

148, MONITORING AGENCY NAME & ADDRESS(/f di{terent from Controlling OI{Ico) 1S, SECURITY CLASS,. (af thia report) *

el
oy »

Unclassified
1Sa. DECé. ASSIFICATION/OOWNGRADING "
3

t

SCHEDULE

18. OISTRIBUTION STATEMENT (of this Report)

This document has been approved for public release and sale; its
distribution is unlimited. '

17. OISTRIBUTION STATEMENT (of the adbetract entered In Block 20, If di{terent lrom Report)

2
|
i
3
18. SUPPLEMENTARY NOTES !
|
Accepted for publication in Inorganic Chemistry |

Carboxylate complexes, basic iron acetate, metal polymers, magnetic |
susceptibility, Mossbauer spectroscopy, msgnetic exchange, intramolecular
exchange, intermolecular exchange

t

1

19. KEY WORDS (Continue on ceverss aide if neceasary «nd Idantify by block number) B E
\

1

{

)

20. ABSTRACYT (Continue on reverss slde If neceasnry and Identily by bleck numbder) !
Polymeric iron(1II) complexes of malonic, succinic, fumaric, and ‘

phthalic acids have been prepared ang,;tudd:ed by variable-temperature i
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in these materials in order to explain the magnetic dat the inclusion
of an intertrimer exchange parameter, which varies from cm~+’ for the acetate
complex to 7 cm™ ljfor the o-phthalate complex allowed for a complete descript-

ion of the temperature-dependence of the magnetic susceptibility of these
compounds. . Mossbauer and infrared spectroscopic studies were utilized to as-
certain the correctness of oxidation state and structural &ssignnents.‘zl._
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Complexes of iron(III) with monocarboxylic and dicarboxylic acids were first

systematically investigated by Weinland?’3 The monocarboxylic acid complexes have
subsequently been characterized by others. Although the crystal structure of
[l-‘e30(CH3COO)6{H20)3]C1044’5 has demonstrated the presence of an equiléteral tri-

angle of iron atoms, a variety of assumptions have been involved in attempts to

describe the variable-temperature magnetic susceptibility of.this and similar com-

plexes. Thus, the data have been modeled assuming an equilateral triangle of ferric

1ons6—9, an isoceles triangle arrangementk’lo—la

15,16

or a higher order spin interaction

mechanisa.

There is very little information in the literature comcerning analogous com-

plexes with dicarboxylic acids. In order to determine if such complexes contain the
uq-oxo-triiron cluster observed for basic iron acetate, we have examined the variable- &
temperature magnetic susceptibility and Mdssbauer spectra of several dicarboxylic
acid cémplexes. As part of this work we have also examined the geneial applicability
of various magnetic models for these materials, and as a result have proposed a new

rodel which both reproduces accurately the experimental data and is also consistent

ith reported str-ictures.

All chemicals used were reagent grade unless specified. m-Phthalic acid (99%)
»nd p-phthalic acid (98.) were supplied by Aldrich Chemical Co., Inc. Fumaric acid i
was supplied by Eastman Kodak Co. Iron wire (reagent grade) as supplied by Merck ‘ﬁ

and Co., Inc. was used as the primary standard for Fe analyses.

Preparation of Complexes. [Fe, O(CH COz) (1,0) ]C104-2H 0. u3-0xo-triaquohexakis |
ANV VWV VWV VNN |1
(acetato)triiron(III)perchlorate dihydrate was prepared using a modification of the \

method of Weinland and Hohn.2 Electrolytic iron metal powder (11.2 g, 0.2 mole)

was stirred with 100 ml of water and 51.6 mlL (0.6 mole) of 70% HC1O The mixture

‘o
was warmed slightly until all of the iron had reacted. A small amount of insoluble |
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matter was removed by centrifugation. After cooling the solution to 10°C, an g

excess (30 nL) of a 152 H,0, solution was added. Complete oxidation of the irom

was confirmed using the o-phenanthroline assay described below.17 The solution
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was cooled to 5°C and anhydrous sodium acetate (32.8 g, 0.4 mole) was slowly added
with stirring. The reaction mixture.was placed in a gentle stream of air. After . i
two days almost half of the solution had evaporaied leaving large red-brown crystals;

yield 7.99 g (30.0%). The crystals were collected, washed with two 25 mL portions

of cold water and blotted with filter paper. The crystals were further dried for

24 hours under vacuum at room temperature. Anal. Caled for C12328022Fe301: C,

19.82; Fe, 23.03; H, 3.88. Found: C, 19.84; Fe. 23.12; H, 3.57.

[Fe,0(0,CCH,CO,),(H,0)]C10,*3H,0. u,-Oxo-triaquotris(malonato)triiron(III)
a 2 % 2 % 2 4 >3 3

perchlorate trihydrate was prepared by suspending malonic acid (5.2 g, 0.05 mole) in

20 mL of water. Sodium bicarbonate (8.4 g, 0.10 mole) was slowly added with stirring. %
The mixture was warmed slightly to complete the reaction. A small amount of imsolu-

able matter was removed by centrifugation. A solution of Fe(ClOa) °6HZO (23.1 g,

3
0.05 mole) in 20 mL of water was pfepared and slowly added to the sodium malonate ~%
solution with vigorous stirring. After tiie reaction mixturc had formed a gel, another
50 mL of water was added and the mixture allowed to stand for one hour. The preci-
pitate was collected by centrifugation, washed twice with 100 mL portions of 0.05 M
HClOa and five more times with 100 mL portions of 0.01 M HClOa. The precipitate

was suspended in 100 mL of 0.01 M HClOa and vacuum freeze dried by standard methods; l
yield 3.68 g (31.6%). Anal. Caled for C_H

gty 892373
Found: C, 15.21; Fe, 23.41; H, 2.25.

[Fe30(0£CCK2CHZCOZ)e(H20)3]C104‘3H20]. u3—0xo-triaquotris(succinato)ttiiron |

(111)perchlorate trihydrate was prepared by suspending succinic acid (5.9 g, 0.05

Fe,Cl; ¢C, 15.50; Fe, 24.03; H, 2.60.

mole) in 250 mlL of water. Sodium bicarbonate (8.4 g, 0.10 mole) was added with stir- ﬁ
1

ring. The mixture was warmed slightly to complete the reaction whereupon 70% HClOa




(0.5 mL) was added. A solution of Fe(C104)3‘6H20 (23.1 g, 0.05 mo;e) io 250 oL of
water was prepared and added to the sodium succinate solution with vigorous stirring.
The resulting suspension was allowed to stand fcr 16 hours at 4°C. The precipitate
was collected by centrifugation and washed seven times with 200 mL portions of 0.001
M HC10, or umtil no sodium could be ﬁetected in the supernate using a flame test.
The precipitate was suspended in 150 mL of 0.01 M HClOa and freeze dried; yleld

7.44 g (61.92). Anal. C#lcd for 012H24023Fe301: C, 19.49; Fe, 22.66; H, 3.27.

Found: C, 15.50; Fe, 22.05; H, 2.62.

[Feso(OECCHCHCOZ)3(320)3](02CCHCHC02)0.25(ClOng&gg;izgg. va-Oxo-triaquotris
(fumarato)triiron(I1I)fumarate perchlorate trihydrate was prepared by suspending
fumaric acid (5.42 g, 0.0467 mole) in 500 mL of water. Sodium hydroxide (3.73 g,
0.0934 mole) was added and the mixture stirred until all the fumaric acid had dis-
solvedf A solution of Fe(C104)3-6HZO (18.49 g, 0.04 mole) in 200 mlL of water was
added to the sodium fumarate solution. The mixture was allowed to stand for 30
minutes and the precipitate collected by centrifugation. The precipitate was washed
eight times with 200 mL portions of water. It was suspended in 100 mlL of water and

freeze dried; yield 6.81 g (63.3%). Anal. Calcd for C13H17021Fe3: C, 22.50; Fe,

24.14; H, 1.80; c1, 2.55. Found: C, 22.50; Fe, 23.92; H, 2.17; C1, 1.91.

[Fe30(grphthalate)3(H20)3(g-phthalate)o.5-2H20. u3-0xo—tr1aquotris(grphtha-
lato)triiron(II1)o-phthalate dig;;:::ZN:ZZN::::ZZZE by suspending phthalic anhydride
(10.4 g, 0.07 mole) in 400 mL of water. Sodium hydroxide (5.6 g, 0.14 mole) was
added and the mixture was stirred and heated to complete the reaction. The solution
was filtered and cooled to 5°C. A solution of FeCl 5 6H,0 (16.2 g, 0.06 mole in 400
nlL of water) was prepared, centrifuged to remove some Iinsoluble material and cooled
to 5°C. The !bC13 solution was added slowly to the sodium phthalate solution and

the reaction mixture was allowed to stand for 16 hours at 4°C. The precipitate was

collected by centrifugation and washed exhaustively with water at room temperature
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until the supernate gave no precipitate when tested with 0.1M silver nitrate. The

precipitate was suspended in 150 umL of water and freeze dried; yield 12.2 g (72.07%).

Anal. Calcd for 628“24020F°3‘ C, 39.66; Fe, 19.76; H, 2.85. Found: C, 39.72; Fe,

19.35; H, 2.58.

[reeo(!-phthalate)3(820)3](g—phthalate)o.45(Cloa)o_1'H20. u3-Oxo-triaquotris

(m-phthalato)triiron(TII)m-phthalate perchlorate hydrate was prepared by suspending

! o-phthalic acid (9.69 g, 0.07 mole) in 300 mL of water. Sodium bicarbonate (11.8

g, 0.14 mwole) was added slowly, the mixture stirred until all dissolved and then
filtered. A solution of Fe(0104)3-6H20 (23.11 g, 0.05 mole) in 300 wml, of water was
glowly added to the sodiur phthalate solution with stirring over a 45 minute period.
The product was collected by centrifugation, suspended in 600 mL of water and

allowed to stand for 16 hours at 4°C. The precipitate was washed exhaustively with

water until no sodium could be detected in the supernate using a flame test. The
precipitate was suspended in 150 mlL of water and freeze dried; yield 10.7 g (63.42).

Anal. Calcd for C27.6010.1H21.8019.2Fe3; C, 39.85; Fe, 20.10; H, 2.64; C1, 0.42.

found: C, 39.73; Fe, 19.33; H, 2.52; Cl, 0.61. ‘
Attempts to synthesize the p-phthalic acid cowmplex failed. No product which %’

retained a constant C/Fe ratic could be {solated after repeated synthetic attempts.

RRysical Measurcments. Magnetic susceptibilities were determined on polycry-

stalline samples using a conventional Faraday balance calibrated using Hg[Co(NCS)l.].18

This balance employed a model CS-202 Displex Cryogenic refrigerator with a model

APD-E temperature controller manufactured by Air Products and Chemicals, Inc., |
Allentown, Pa. Vibrations caused by the Displex expander were dampened by separa-
ting the piston from the remainder of the system with an air tight PVC membrane.
Noise levels caused by vibration were reduced to deflections of less than 10 ug. &
Corrections for ligand diamagnntism were calculated from a table of Pascal's con- ‘

lt&nts.lg Experimental values of the magnetic susceptibilities and effective

magnetic moments were fitted to theoretical expressions with a computer routine
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which employed the Simplex minimization algorithm.zo’21

22

The goodness of fit criteria,

including the standard error of estimate”” and the chi-squared test {(eq 1) were applied

i to curve fits obtained in this manner.

x2 - ?;1 {[iM(obsd) - iM (calcd)]zliM(calcd)]/(g:g) s (1) ' ?g
where é?

-iM = molar susceptibility y

n = pnumber of data points

k = number of parameters.

MSssbauer spectra were obtained on a spectrometer described earliet?3 The

source was 57Co(Pd) which was maintained at room temperature. A 25um a-Fe foil

57Fb/cm2) was used to calibrate the velocity scale. Missbauer spectra were

(430 ug
computér fit assuming Lorentzian line shapes superimposed upon a parabolic baseline.
All sample were finely ground, dispersed in Vaseline and held in place within a lead
block between Fe~free mylar tape. Low temperature spectra were obtained using the
Displex cryogenic refrigerator coupled t. a special, helium gas filled shroud, Model
DMX~-20, supplied by Ait Products and Chemicals, Inc.

Infrared spectra were obtained on a Beckman IR-2CA spectrophotometer with KBr
pressed pellets. Optical spectra were recorded on a Cary Model 14 recording spectro-
photometer. Iron was determined according to a modification of the method of Cheng,
55_31.24 Samples containing 10-25 mg of iron were digested in 1 mL of boiling nitric
acid. After cooling they were mixed with 30 mlL of a buffer solution which was IM
in sodium acetate and 2M in monochloracetic acid (pH = 2.8). They were titrated with
lxlo_ZM EDTA using Tiron (4,5-dihydroxy-m-benzenedisulfonic acid, disodium salt) as

the indicator. Reagent grade iron wire (99.8% Fe minimum) was used as a primary

standard. Iron was also determined with o-phenanthroline according to the method of




Willarxd, gg_gl,l7 C, H, and Cl analyses were performed by Integral Microanalytical
Laboratories, Inc , Raleigh, NC.

Results and Discussion

ANV NN N VNN,

For convenience the following abbreviations are used in the discussion:

Compound Abbreviation
[}e30(CH3COO)6(H20}£»104-2320 Acetate Complex
re .
L;e30(OZCCH2002)3(H20)3]C104 3H20 Malonate Complex
{Fe30(02CCHchZCOZ)3(H20)3]C104‘3H20 Succinate Complex
[Fe30(02CCHCHCOZ)3(H20)3}(02CCHCHC02)0.25(0104)0_5'2H20 Fumarate Complex
§Fe30(gfphthalate)3(ﬁzo)3}(gfphthalate)o 5'2H20 o-Phthalate Complex
LPGBO(Erphthalate)3(H20)3](g—phthalate)0.45(ClOa}O’l-HZO m-Phthalate Complex

Becauge of their nearly total insolubility im all solvents examined, all of the
icarboxylic acid complexes prepared herc are believed to be polymeric. By contrast,
iron complexes with monocarboxylic.acids are reported to be soluble.z’3 The poly-
meric behavior of these materials is undoubtedls a2 consequence of the bifunctiomality
£ the dicarboxylic acids. It is likely that the dicarboxylic acids form essentially

-he same u3-oxo—triiron structure which has been observed4’5’25-27

for the mono-
+~7boxylic acid complexcs. However, steric constraints made it unlikely that these
«lcerboxylic acids are capable of intratrimer chelation of both carboxylate groups.
Consequently these dicarboxylic acids are expected to function as intertrimer ligand
l.ridges, as is shown schematically for a fragment of the malonate complex in Figure 1.
"he polymeric three-dimensional structures which will result from the bridging of all
dicarboxylates may be rather complex and camnot be easiiy predicted in the absence of
single-crystal X-ray diffraction data.

Missbauexr Spectra. The Mssbaver spectrum of the succinate complex at 295 K 1s shown

in Figure 2. The spzctrum consists of two absorptions with & = 0.42 mm/s and ABQ =

L ay . s SRR e~




0.67 mm/s. The spectrum of this complex at 20 K and the spectra of the other com-

plexes are all qu. :e similar. Table I sumarizes the Mssbuuer parameters for the

dicarboxylic acid complexes. Isomer shifts for the complexes are relatively constant

at 0.41 to 0.42 mm/s at 295 K. These values increase to 0.51 to 0.53 mm/s at 20 K. ‘ -

The values of AEQ exhibit much greater variability. In general, the aliphatic com-

plexes (acetate, malonate, succinate) have a smaller AEq than the unsaturated com—

plexes (o-phthalate, m-phthalate and fumarate) at both 20 and 295 K. The magnitudes
of the quadrupole splitting may thus be inversely correlated with the ligand "flex-
ibility", the more rigid dicarboxylates leading to a greater distortion of the octa-
hedral microsymmetry at iron. Quadrupole splittings for all of the complexes, except
o—-phthalate, increase with decreasing temperatures. The values observed for both §
and AEQ are characteristic of high spin iron(III) complexes.28

The line widths reported in Table I are given as full peak width at half maxi-
mum intensity. For the iron(II1)) succinate complex shown in Figure 1, the width is
0.43 mm/s at 295 K. This is considerably larger than the peak width of the iron foil
calibration spectra (0.30 mm/s). Broad lines were alsoc observed for the other com—
plexes (Table 1). Several factors could contribute to the observed line broadening
{n these complexes. Some type of relaxation effect might be present in these strongly
coupled spin systems (vide infra) and in fact such an explanation has been 1nvoked.14
Jowever, 1f relaxation were the cause of the broad lines a much greater temperature
dependence to the MYssbauer parameters would be expected. Furthermore, a similar
effect might be expected for the monocarboxylate complexes, yet the acetate complex
exhibits a normal line width at room temperature. We believe that the broad lines
are a consequence of iron being present in a variety of slightly different environments,
which in turn is a comsequence of the poelymeric structure of these complexes. These

different environments can arise in two ways. First, these polymers are likely to be

of fairly low-molecular weight, and consequently edge effects may be significant, the




environment of various trimers varying with location. Second, the terminus of these

polymers is likel to be a monomeric iror complex with cartoxylate and aquo 11 ;ands, ;f
rather than a trimer. As discussed above, the steric restraint upon intratrimer chela-

tion for the dicarboxylates mitigates against all iron being present in the H4-OxO0-

triiron cluster. Rather, the terminal sites are likely to consist of dangling car- b

boxylate functions, in many cases coordinated to iron. This explanation is comsistent

with the observation, from magnetic susceptibility data, that as much as 15% of a

L
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monomeric component may be present in these materials.

Magnetic Susceptibility Studies. The magnetic susceptibilities and effective magnetic 3

roments as a function of temperature for the six complexes are given in Tables II

29

through VII. (The method used to derive the calculated values Iin these tables will

be discussed below.) Since one of the purposes of this work was to evaluate the various

models. for the magnetism of these complexes, a suitable criterion for comparison

between theory and experiment had to be selected. When the comparisons of the diff-

erent models presented here are made, it becomes clear that comparisons invelving u,

”

the magnetic moment, are not satisfactory. Figrre 2 shows attempts to fit the mag-

netic moments for the iron(III) acetate complex to several models. It can be seen

that there are no appreciable visual differences between the observed points and the
calculated curves for any of the different models. Details of these magnetic models
and their significance are discussed below. Following the example of Mabbs and Machin19 %
zad Thundathil and Holt30, the =zverage molar susceptibility, iM’ was used as the
criterion for comparison in the studies presented here. It can be seer in Figure 4, :
which contains data for the acetate complex, that the different models do vary con-
siderably in their ability to describe the data. The molar susceptibility is a much
more sensitive parameter than the magnetic moment for describing the magnetic behavior.

Mabbs and Machinlg warn that use of the magnetic moment will result in a smoothing

out of the variations of the susceptibility with temperature. In this work all
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judgments (both qualitative and quantitative)} concerning the quality of the curve
fits were made using the molar susceptibility.

A total of seven different models were considered in these attempts to account
for the magnetic susceptibility behavior of these complexes. The models investi-
gated were the equilateral triangle (EqT), equilateral triangle plus a monomeric
component (EqT+Z), isosceles triangle (IS0S), biquadratic exchange (BqX), biquadratic
exchange plus ‘a2 monomeric component (BqX+Z), equilateral triangle with intertrimer
exchange (EqTX) and equilateral triangle with intertrimer exchange plus monomeric
component (EQTX+Z). Theoretical equations for the molar susceptibility were derived
for each model and fit to the data using the Simplex minimization algorithm.zo’21
In order to avoid the problem of convergence upon a false minimum several curve fits
were attempted for each data set, starting with different initial estimates for the
fitting parameters. If the Simplex routines converged on more than a single minimum,
the solutfon with the lowest value in the chi squarad test (eq 1) was selected as the
best solution. The value of g was fixed at 2.00 in all cases.

%%%R%&%%m%gés%i- The equilateral triangle model (EqT) requires that all the inter-
acting ions in a cruwplex be identical and at the corners of an equilateral triangle.

The Hamiltonian for this system is

where J = exchange integral

5 = spin operator
Details of this model have been reported.19 The quality of the fit of the obserived
magnetic susceptibility to the theoretical experssion for the susceptibility of the
equilateral triangle model improves significantly with the addition of a term which

allows for the presence of some monomeric component (possibly an impurity)-31 This

component is assumed to be due to Fe3+ and to follow the Curie law, so its susceptibility

S e .
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was expressed as 4.376/T. The contribution of this component was added to the express—
ion for the molar susceptibility for the equilateral triangle model to give a model
(EqT+2), with one additional parameter, the percent of monomeric component.

The theoretical expression for the isosceles triangle was derived using the

Hamiltonian reported earlier.12

H o= -2J[(5,°S,) + (§,°59)) - 23" (85'S,) 3)

When J = J°', éhe equation reduces to the equilateral triangle case. The working
expression for the isosceles triangle model is given in eq 4.29 If higher order terms
involving the spin operators are added to the exchange Hamiltonian, the result is the:
biquadratic exchange model (BqX). This model has been used in the past to describe
the variable temperature magnetic susceptibilities of chromium (III) anQ iron (III)
dimers. . Hatfie1d32 gives the following expression for the energy of the spin state

for thé biquadratic exchange model:

E(S') = -3y, 18" (8'+1)-28 (8+1)-1, ({8’ (8" +1)-28(s+1) 12 )
where

8' = sum of the spins (15/2,13/2,...,1/2
S = spin on the individual ion (5/2)

When substituted into the Van Vleck equationlg, the result is the working expression
for the magnetic susceptibility within the biquadratic exchange model, eq 6.29
Inclusion of an additional term describing a monomeric component following the Curie
law to the BqX susceptibility equation leads to the BqX + Z model. The method is
analogous to that of the EqT+Z model.

We propose that an additional model exists which is both compatible with the
known properties of u3-oxo—tr1iron carboxylates and also reproduces faithfully the

magnetic behavior of these materials. This model is based on the equilateral tri-

angle model but allows for intertrimer as well as intratrimer exchange (EQTX). The

s
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12
Hamiltonian for this model is
H = - 2[(8;°8,) + (8,°S3) + "$;°5,)1 ~ 1(8]5 (M

the same Hamiltonian as employed in the equilateral triangle model except for one
additional term allowing for spin coupiing between the two trimer centers. The
derivation of the molar susceptibllity equation is identical to that of the equi~

lateral triangle model excépt for

. 3
§* - _s.i + §,é’ §.i + Eé"l"t -:§i"’_§,. ’ (8) i
where
%

§ =15, 14, ...,0 . i

This new spin quantum number, §f. provides for spin coupling between the two trimer '

centers. The resulting expression for the molar susceptibility is complex, eq 9,29 t

containing 72 terms (some of which are zero) in both the numerator and denominator.

Fach term contains an exponent in J/AKT and j/4kT, where J is the intratrimer exchange

integral and j the intertrimer exchange integral. If j = 0, the equation reduces to

the equilateral triangle model. For given values of J and g, the effect of the inter-

<rimer exchange is to decrease the Curie tail at low temperature. In particular,

larger values of ] tend to flattea the susceptibility vs temperature curve. This 1
effect is shown for a range of ] values in Figure 5.

Because intercluster exchange interactions will occur with all of the
neighboring trimers, a molecular field approximation would provide a more exact ;
nodel for the system. However, in systems such as the iron (II1) carboxylates,
with weak intertrimer interactions, the molecular field approximation is
essentially equivalent to a sum of pairwise interactions. Thus, the intercluster
exchange model discussed above gives results comparable to those expected from !
the molecular field approximation, yet retains the essentially molecular nature

of the system. For these reasons, though, no specific interpretation should be L

inferred for the absolute magnitude of the values of 1. Nonetheless, comparison

St e e —— v e Ao ‘
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13
of relative values of j for different materials does provide a meaningful indication
of the relative importance of intercluster exchange interactioms.
Comgarison of Haegetic Models. In order to assess the ability of each model to describe
the magnetic susceétibility of the acetate complex, a study was performed in which a
single set of data was fit to the expression for the theoretical molar susceptibility
using each of the models. Figure 4 depicts the experimental data for tﬁe acetate
complex and calculated curves for the EqT, EqT+Z, ISOS, BqX, EqQTX and EqIX+Z models.
Each calculated curve fit is for the same data. The observed and calculated suscepti-
bilities are given in Table VIII.29 The curve fitting parameters jncluding J, } and
Z are listed in Table IX.
1t becomes apparent from an examination éf Figure 4 that the equilateral tri-
angle (EqT) model does not adequately describe the magnetic susceptibility. The ?
addition of a term due to a monomeric compoment in the EqT+Z model improves the '
quality of the fit only slightly as evidenced by the values of x and the standard ‘
error in Table IX. The EqT model required J = -27.0 cm'l wvhile the EqT+Z model |
required J = -27.8 em ! with a 99.8% fraction of trimer (2=0.998).
The isosceles triangle model (150S) provides a substantial statistical improve-
ment over both the EqQT and EqT+Z models. This model succeeds in accouating for the
observed temperature dependence to the susceptibility, but its use 1is incompatible
with the structure of this complex. X-~ray studies on both thiss and related com-

25,26

plexes demonstrate an equilateral triangular array of irons. Consequently, no i

matter how attractive this model may appear on the basis of curve fitting analysis,

it must be rejected.

16

The biquadratic exchange model used by Rakitin™ was also applied to the data

for the acetate complex, and resulted in an excéllent mathematical fit to the
experimental data. Nonetheless, we concludeygﬁat the use of this model is inappro-
priate, First, the use of higher-order exchange terms in similar systems has been

33

investigated in some detail by Gaponenko, ei. al.,”  and has shown to be insuffi-

cient to explain the magnetic data. Second, the physical significance of biquadratic
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exchange is far from clear.32 Finally, although the agreement between experiment ]

L e ——
.

and theory is excellent for the acetate complex, the biquadratic exchange model
does nat provide a ﬁarticularly good fit for the other complexes (vide infra) and

leads to values of J which are divergent from those obtained with monocarboxylic acids.

It is seen then that none of the various models which have been proposed im the

past are really adequate to describe the magnetism of the iron carboxylates. The
equilateral triangle model, which is perfectly reasonable in light of the known struc- '
tural parameters, does not accurately reproduce the data. By contrast, both the
isoceles triangle and biquadratic exchange models reproduce the data reascnably
accurately. As noted above, however, neither of these models has physical signifi-
cance here, and their application appears to be only an exercise in paramaterization.
We believe that the model (EqTX) proposed here provides the most appropriate descrip-
tion of the magnetic properties of the iron (III) carboxylates. This model both '
retains the known structural features (an equilateral triangle) and also accurately
reproduées the data.

It i{s apparent from Figure 4 that the EqTX model alone is insufficient to
describe the variable temperature magnetic susceptibility data. The solution reached
by the EQTX equation is very close to that provided by the EqT model with J = -27.0
cm—l for EqT and J = -27.0 cm’1 for EqTX with the intertrimer exchange parameter j =
-0.24 cm_l. An additional term must be included to describe the contribution of a
monomeric component following the Curie law. When this term is included, the EqQTX + Z
model becomes quite satisfactory with J and § equal to -28.6 and 3.3 cm-l, respectively.
The value of Z necessary was 0.989 or 98.9% trimer. Because of the form in which the
Hamiltonian was written (eq 7), a positive sign for J 1s indicative of antiferro-
magnetic coupling between the trimers. This value of Z = 0.989 is not unrealistic
for the percent of trimer in this complex. The iron(111) acetate dihydrate was formed
from the crystals of iron(III) acetate pentahydrate by vacuum drying. It was observed

that the pentahydrate was not stable for long periods of time because a small amount
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of a brown colored material formed on the surface ot the crystais. »This may be due

to some hydrolysis or decomposition of the trimer resulting in a monomeric iron(IIl)
component would be present in the dihydrate used for the maguetic studies. Although
this model does provide a statistically somewhat better fit to the data than do most
cf the other models, its primary advantage lies in the fact that it is a model with

considerable physical significance.

A similar study was undertaken to compare the differeant models for describing
the magnetic data of a dicarboxylic acid complex. The iron(I1l) succinic acid com-
pPlex was selected. Figures 6 and 7 show the results from the six models used to fit
the data. It is even clearer here than in the acetate case that intertrimer ex-
change 18 necessary to account for all of the features of the susceptibility vs
temperature curve. Tables X and XI contain the data and the results of the curve
fitting of this complex.z9 The equilateral triangle model, which gives J = -24.2 cm-l,
does not adequately describe the magnetic properties of this complex. The addition of
Z to form the EQT + Z model requires J = -30.1 em L witn Z = 0.986 and does much to
improve the quality of the fit but it does not completely describe all of the features
of the curve. The isosceles triangle (ISCS) model is an improvement requiring J =
-42.1 and J' = -30.8 cm.1 but was rejected for the same reasons as described in the
discussion of the acetate complex. These two different values of J and J' iwply an

unreasonable distortion of the trimer center. The BgX model requires J = -60.7 cm-l

and j = +5.3 cm-l. The addition of Z to make the BqX + Z model required J = -48.9

cm-l and j = +3.1 cm-l. Both the BgX and the BqX + Z models were rejected because of
the large negative values of J and for the reasons given in the discussion of the
acetate complex.

1 and j = -7.2 cm—l, did not adquately describe

The EqTX model, with J = -25.2 cm
the data for the iron(IIl) succinate complex, (Figure 7). However, the addition of
a monomeric component following the Curie law, the EqTX + Z model, gave an excellent

fit with J = ~-31.5 cm-l, j= 6.1 em ! and Z = 0.961. These numbers are reasonable
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and the resulting curve reproduced all the featurcs of the experimental curve within

the uncertainty of the detcrminations.

The variable emperature magnetic susceptibility data 1or the acetate, malonate,

29
succinate, fumarate, o-phthalate and m-phthalate complexes are given in Tables I1-VI1L.
The data for all these compcunds were fitted to the EqTX + Z model, and susceptibili-

ties calculated using the EqTX + Z model are included in Tables II-VII.

The results of the curve fitting for all six complexes are presented in Table ;i

a

XII. The calculated values of J for these compounds are relatively constant ranging ﬁi
b

from ~30.0 to -37.3 cm—l. These values of J are similar to those obtained for the %;

monocarboxylic acid analogs by other investigators and suggest the presence of the
Fe30 center in these dicarboxylic acid complexes. The most likely pathway for spin-
exchange interactions between the ferric ions is through the central oxygen, since

the X-ray structures cited earlier show the ferric fons are too far apart for direct !

Y

orbitals of the ferric ions interact

interaction. It scems plausible that the ng

with the p « orbitals on the central oxygen, and that superexchange interactions

occur via this route.

The intertrimer exchange parameter, j, ranged from +2.0 cm-l for acetate to
+11.7 cn.l for o-phthalate. The trend in j values suggests larger antiferromagnetic
interactions between trimer centers for compounds containing unsaturated carbon !
linkages. The presence of an extended m orbital system in certain of the dicarboxyli-
acid complexes would lead to greater interaction between trimer centers, consistent .
with what is observed. Thus, the o-phthalic, m-phthalic and fumaric ac{d complexes
have the hi~hest values of j, whereas the aliphatic acid complexes (malonic and
succinic acid) have lower values of j. The only monocarboxylic acid complex studied,
the acetic acid -omplex, had the lowest value of the intertrimer exchange integral.
Although this complex does not contain trimer centers licked by ligand bridges, it

1

nonetheless gives a non-zerc j = +2.0 cm . This slightly positive value of | ma,

{ndicate some weak magnetic exchanpge occurring throupt the hydrogen bonding network.
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The fraction of trimer, Z, was the greatest for the acutate complex, with some-
what smaller values for the malonate and succinate complexes (see Table XII). The
lowest values of Z were observed for fumarate, o-phthalate and m~phthalate, the most
sterically-constrained ligands. This result is consistent with the results of Mdsc-
bauer spectral measurements. As mentioned previously, complexes of the sterically
constrained dicarboxylic aclds gave Mossbauer spectra with relatively broad lires,
presumably as the result of iron being present in a variety of.similar, but not iden-
tical, environments., This parallel between the magnetic and Mdssbauer results serves
to justify the use of the Curie law term in the description of the susceptibilities.

Replicate preparations and measurement of the susceptibilities for several of
these materials indicated that the results were hizhly reproducible. In particular,
values of J and Z are probably accurate to * 1.5 cm—l and + 0.005, respectively. The
construction of error analysis contour maps in J, Z, and ]} space demoastrates that
the quality of the data fits are markedly less sensitive to j, the uncertainty being
2 cm°1. Consequently, absolute valucs of j should be treated with some caution.
However, the trends in j, and the neﬁessity for a model which incorporates inter-
trimer exchange, are clear.

%Q&E%E%ﬂmﬁ&%ﬂ%ﬁﬁ' The infrared spectra for the iron(I1I1) dicarboxylic acid complexe
are given in Figure 8. The spectral data including band assignnuents are listed in
Tables XIII through XVII.29 Infrared bands were assigned using the conventions of
Nakamoto.

The most prominent features of the infrared spectra of 'hese complexes are the
absorptions due to the symmetric and asymmetric stretching of the coordinated carbo-,
groups. These are broad, very intense and well defined bands located at about 1450
and 1600 cm.l respectively. Their positions and intensities are similar to those

14,35

reported for other metal coordinated acetates. Three prominent bands due to

absorption by the perchlorate anion are found in the 1100 cm_l reglon for the acetatc,
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malonate, and succinate complexes with weak bands observed in the spectra of the
fumarate and m-phthalate complexes. Assignments were made according to the data

of Ross.36 Addicional absorptions due to the perchlorate anion and carboxyl groups
were found im the 600 to 660 cm_l region. Long gg_gl.lz have assigned a weak band
appearing at 520 cufl in the acetate complex to the asymmetric vibration of the Fe30
moiety. A band of similar shape and intensity was observed in the spectrum of the
acetate complex prepated'in this study. However, this band could not be located with
complete certainty in the spectra of the dicarboxylic acid complexes.

The o-phthalate, m-phthalate, and fumarate complexes all have quite similar
infrared spectra. They show absorptions due to symmetric stretching of the carboxy!l
groups at about 1400 cnrl. They also exhibit other absorptions attributed to C-H,
C-C or C=C vibrations characteristic of the structure of the respective ligands.37
All three also show a strong absorption due to the asymmetric stretching of the
anionic carboxyl group confirming the presence of acid as the anion. The absorptions
due to asymmetric stretching of the carboxyl groups at about 1600 cm-1 are complex.
Both fumarate and o-phthalate exhibit a broad, unresolved band. The m-phthalate
complex shows some resolution into two bands at 1570 and 1620 cm—l. These bands, as
in the malonate complex, may reflect an interaction between the coordinated carboxyl
groups of the same ligand through the unsaturated carbon linkages. This interaction
is similar to that observed in the infrared spectrum of the malonate complex.

Infrared spectra suggested that the fumarate complex contained a mixture of
counterions. Attempts to make the complex either with fumarate or perchlorate as
the only anion never resulted in close agreement between the theoretical and calcu-
lated C, H, and Fe analyses. Compounds prepared with perchlorate as the only anion
presumed present always displayed an infrared spectral band due to asymmetric stretch-

ing of anionic carboxyl groups. Compounds prepared with fumarate as the only anion

presumed present similarly displayed a band due to perchiorate. Attempts at varying
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the proportion of the reactants resulted in products with similar C/Fe ratios.
Analysis for perchlorate as chloride resulted in 1.9% as Cl. This fit the formula-
tion described in tne experimental section with 0.25 mole of the fumarate dianion

and 0.50 wole of C104 present as the counter ions. (A similar mixture of anions

was observed for the m-phthalate complex). Although this evidence does indicate
certain heterogeneity of the anion in this complex, it is important to remember

that the Mssbauer spectra and the magnetic susceptibility data should not be sig-
nificantly affected by this problem. This problem of heterogeneity of the anion

for the fumarate and m-phthalate complexes is most likely an unavoidable consequence
of the nature of these polymers.

gﬁ&%&*ﬁ*ﬁﬁﬁ Several dicarboxylic acld complexes of iron(III) have been synthesized
as polymers which are insoluble in aqueous solution. During synthesis they formed
suspensions which exhibited a sensitivity to variations in pH and ionic strength.
After isolation these complexes were stable indefinitely at room temperature provided

they were kept in tightly sealed vials in the absence of moisture.

The M8ssbauer spectra of these complexes were characteristic of high spin
iron(III) containir; compounds. The observed values of §.,AE  and line widths were
nimilar to those reported by other researchers for complexes containing the Fe30
center. The line widths of the absorption bands were broad, probably caused by ferric
jons in slightly different sites. There apyeared to be a correlation between AEQ and
the nature of the ligands. Complexes of the more sterically constrained ligands (o-

phthalate, m-phthalate and fumarate) have a larger AE_ than observed for the succinate,

Q
malonate, and acetate complexea. This suggests that the sterically-hindered ligands
cause a small distortion in the Fe-0 coordination sphere. Unfortunately, the com-
plexes could only be isolated as microcrystalline powders so that X-ray crystal studies

to confirm this distortfon could not be dome,

The inconsistency between the cquilateral triangle arrangement of the ferric fons

= I GO0 3t < o
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found in the crystal structure of the monocarboxylic acid complexes and the isosceles

triangle model required to explain the magnetic data has been resolved. All previously .
known models are inadequate. A new model, EqQTX, has been proposed. It has the ad-

vantage of employing the equilateral triangle arrangement of ferric ions which has

been observed, yet describes the magnetic dgta by allowing some small antiferromagnetic

exchange between trimeric centers. Both of these factors are physically real and can

¥ v

be justified by observable physical phenomena.

The EqTX model has recently been applied successfully to metal trimer complexes

L T

e e o P 0 v m B K

other than iron by Wrobleski gg_gi.aa to describe the thermal and magnetic behavior

—

of [Cr30(083C00)6(H20)3]CI'6320. The magnetic heat capacity data for this complex
in the region of 1.1 to 25 K were used to calculate exchange parameters. These
parameters were then successfully applied to the magnetic susceptibility data of this ‘
complex. This agreement confirmed the presence of intercluster spin exchange at low

temperature.
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Figure Captions

Figure 1.

Figure 2.

Figure 3.
Figure 4.
Figure 6.
Figure 7,

Figure 8.

Proposed structure for the malonate complex. Two trimer centers are
linked by a single malonic acid unit. Dotted lines indicate possibilities
for attachment to other trimer centers.

Mossbauer spectrum of the Succinate complex at 295 K. The solid curves
represent fits to two lines with parameters given in Table 1.

Magnetic moment versus temperature for the acetate complex for five of
the magnetic models. (Abbreviations defined in text). Solid lines are
Calculated curves and points are the observed values.

Molar susceptibility versus temperature for the acetate complex for the
six magnetic models. (Abbreviations defined in text). Solid lines are
calculated curves and points are the observed values.

Molar susceptibility versus temperatures for the succinate complex for
four of the magnetic models. Solid lines are calculated curves and points
are the observed values.

Molar susceptibility versus temperature for the succinate complex for the
EqTX and EqTX + Z models. Solid lines are calculated curves and points
are the observed values.

Infrared spectra of the iron(1II) complexes, where A = acetate, B = fumarate,
C = o-phthalate, D = m-phthalate, E = malonate, and F = succinate.
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